1. Introduction {#sec1-ijms-20-04503}
===============

Over twenty years of investigation of the endocannabinoid (eCB) system has led to the notion that a fine-tuning of eCB signaling may hold promising therapeutic potential in many clinically-relevant conditions, and that upregulation of eCB tone may not only restore pathologically decreased eCB levels, but also provide an autoprotective-like mechanism and contribute to slow disease development and minimize the unwanted effects due to the direct activation of cannabinoid type-1 (CB~1~) and type-2 (CB~2~) receptors \[[@B1-ijms-20-04503],[@B2-ijms-20-04503],[@B3-ijms-20-04503],[@B4-ijms-20-04503],[@B5-ijms-20-04503]\]. A widely investigated possibility to increase eCB tone is by acting on the two major eCBs degrading enzymes, namely fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL). Indeed, FAAH and MAGL hydrolyze *N*-arachidonoyl-ethanolamine (AEA) \[[@B6-ijms-20-04503],[@B7-ijms-20-04503]\] and 2-arachidonoyl-glycerol (2-AG) \[[@B8-ijms-20-04503],[@B9-ijms-20-04503]\], the best characterized eCBs.

Several inhibitors of AEA hydrolysis have shown their efficacy in a variety of pathological conditions and, specifically, in pain relief and control of nociceptive responses, osteoarthritis and neuropathic pain \[[@B10-ijms-20-04503],[@B11-ijms-20-04503],[@B12-ijms-20-04503]\]. The efficacy of FAAH inhibitors has demonstrated also in gastrointestinal, neurological and psychiatric conditions, such as inflammatory bowel disease, multiple sclerosis, Parkinson's disease, epilepsy, anxiety and depression \[[@B13-ijms-20-04503],[@B14-ijms-20-04503],[@B15-ijms-20-04503],[@B16-ijms-20-04503],[@B17-ijms-20-04503]\]. Notably, FAAH inhibition also enhances the levels of other *N*-acyl-ethanolamines (NAEs) such as *N*-palmitoylethanolamine (PEA) and *N*-oleoylethanolamine (OEA), for which anti-inflammatory, analgesic, neuroprotective and anti-obesity effects have been reported \[[@B18-ijms-20-04503],[@B19-ijms-20-04503],[@B20-ijms-20-04503]\]. The family of FAAH inhibitors is continuously increasing, as confirmed by the interest of several pharmaceutical companies (e.g., Eli Lilly, Pfizer, Bial-Portela & Ca. SA, Janssen Pharmaceutica) in their chemical synthesis and pharmacological characterization although some controversial results have been reported in clinical trials \[[@B21-ijms-20-04503],[@B22-ijms-20-04503]\]. Among the plethora of FAAH inhibitors developed so far, the most part of preclinical studies has involved the use of URB597, an alkylcarbamic acid aryl esters-derived FAAH inhibitor \[[@B23-ijms-20-04503]\]. Moreover, a recently developed benzylidine piperidine urea-derived compound, PF-04457845, has been shown to be safe when orally administered in osteoarthritis patients and in management of cannabis withdrawal syndrome \[[@B22-ijms-20-04503],[@B24-ijms-20-04503]\]. Besides PF-04457845, also URB597 has been enlisted to be administered by the oral route in a clinical trial involving its therapeutic potential in schizophrenic patients (ClinicalTrials.gov Identifier: NCT00916201). On this ground, we asked whether the translational potential associated to the use of irreversible FAAH inhibitors such as URB597 and PF-04457845 (from now on URB and PF, respectively), could be evaluated at the light of different routes of administration. The parenteral (i.e., intraperitoneal (i.p.) way of administration represents the "route of choice" for almost all the reports on animal studies involving the effects of URB, being the remaining part confined to the practice of intragastric gavage (per os, p.o.). On the other hand, since its synthesis, PF has been characterized for being highly bioavailable in oral administration \[[@B25-ijms-20-04503]\]. However, although the rationale for practicing the p.o. administration in mice relies in the necessity to successfully mimic the clinical context in which patients are asked to swallow their medication, there is a lack of knowledge about the effects of equivalent patient-oriented alternative routes of drug administration. From this view, other parenteral routes of administration such as intramuscular, intravascular and subcutaneous do not offer additional advantages for patients' compliance as compared to the i.p. route. By contrast, the intranasal (i.n.) delivery of therapeutics appears comparable to the enteral oral administration in terms of patient-oriented practice and may represent an alternative option of treatment for many pathologies, principally for psychiatric and neurodegenerative diseases (NDs). There is a paucity of information concerning the effects of FAAH inhibitors via the different routes of administration, and specifically in comparison with the effects of i.n. delivery. Moreover, as far as we know, there are no data on the effect/efficacy of i.n. PF delivery, while a recent study focused on the effects on prosocial behavior reported i.n. administration of solid lipid nanoparticles-containing URB in rats \[[@B26-ijms-20-04503]\].

Considering the amount of investigations exploiting the translational potential of FAAH inhibitors and the impact of i.n. drug administration, we investigated whether i.n. delivery was an effective route of administration for different chemical types of FAAH inhibitors (i.e., URB and PF). Hence, we assessed URB efficacy in terms of degree of FAAH inhibition and ability to increase NAE levels over three different routes of administration (i.p., p.o. and i.n.), and we also compared URB efficacy with the FAAH inhibition induced by PF through the same routes.

2. Results {#sec2-ijms-20-04503}
==========

2.1. Effects of the Different Routes of Urb and Pf Administration on Faah Activity {#sec2dot1-ijms-20-04503}
----------------------------------------------------------------------------------

Both PF and URB significantly decreased FAAH activity in all brain areas and in liver, regardless of the route of administration ([Figure 1](#ijms-20-04503-f001){ref-type="fig"} and [Figure 2](#ijms-20-04503-f002){ref-type="fig"}). In particular, none of the different routes significantly influenced neither quantitatively or qualitatively the degree of inhibition induced by PF administration ([Figure 1](#ijms-20-04503-f001){ref-type="fig"}). On the other hand, depending on the brain areas, i.p. and i.n. URB administration had a more pronounced effects with respect to p.o., whereas a comparable inhibitory effect was observed in the liver ([Figure 2](#ijms-20-04503-f002){ref-type="fig"}).

2.2. Effect of the Different Routes of Urb Administration on Hippocampal Levels of AEA, PEA, OEA and 2-AG {#sec2dot2-ijms-20-04503}
---------------------------------------------------------------------------------------------------------

The i.p. route of administration significantly increased AEA, PEA and OEA hippocampal levels in URB-treated mice. Moreover, the i.n. URB delivery caused an increase of NAE levels showing a profile very similar to that of i.p. administration, with the exception of PEA levels that did not reach statistical significance ([Figure 3](#ijms-20-04503-f003){ref-type="fig"}A--C). No significant differences were observed for AEA, PEA and OEA levels by p.o. URB administration, while none of the different routes of URB administration affected 2-AG levels ([Figure 3](#ijms-20-04503-f003){ref-type="fig"}D).

2.3. Effect of the Different Routes of Urb Administration on Cortical Levels of AEA, PEA, OEA and 2-AG {#sec2dot3-ijms-20-04503}
------------------------------------------------------------------------------------------------------

All three NAEs measured increased in the cortex of mice after i.p. or i.n. URB administration, while no differences were observed in p.o.-administered group ([Figure 4](#ijms-20-04503-f004){ref-type="fig"}A--C). Instead, the different routes of URB administration did not affect 2-AG levels ([Figure 4](#ijms-20-04503-f004){ref-type="fig"}D).

2.4. Effect of the Different Routes of Urb Administration on Cerebellum Levels of AEA, PEA, OEA and 2-AG {#sec2dot4-ijms-20-04503}
--------------------------------------------------------------------------------------------------------

In the cerebellum, all NAEs increased significantly after i.p. URB administration. Moreover, except for AEA that did not reach statistical significance, the other NAEs significantly increased after i.n. administration in a fashion similar to that observed by i.p. route. By contrast, p.o. URB administration failed to increase NAEs levels in the cerebellum and as the other routes of URB administration did not modify 2-AG levels ([Figure 5](#ijms-20-04503-f005){ref-type="fig"}).

2.5. Effect of the Different Routes of Urb Administration on Liver Levels of AEA, PEA, OEA and 2-AG {#sec2dot5-ijms-20-04503}
---------------------------------------------------------------------------------------------------

OEA and 2-AG levels in the liver were not affected by URB treatment, whatever the route of administration ([Figure 6](#ijms-20-04503-f006){ref-type="fig"}C--D). Except for the i.p. injection, PEA levels were never increased ([Figure 6](#ijms-20-04503-f006){ref-type="fig"}B). As for AEA levels in the liver, URB i.p. administration had the same effects as observed in the brain. On the other hand, URB p.o. administration that failed to increase NAEs levels within the brain, significantly enhanced AEA levels. Lastly, a slightly non-significant increase of AEA was caused by the i.n. route of administration ([Figure 6](#ijms-20-04503-f006){ref-type="fig"}A).

3. Discussion {#sec3-ijms-20-04503}
=============

In the choice of a route of administration, safety, efficacy and easy accessibility should be considered as the most important principles for the selection of the best treatment option. Following these principles, the present data provide novel information about the effects observed in brain and in liver when in vivo FAAH inhibition is operated through three different routes of administration (i.p., i.n. and p.o.). Here, we assessed the FAAH inhibitory activity of the widely i.p. administered URB, and the orally-bioavailable PF in the different, never tested before, i.n. route of administration. Then, we compared the results obtained via the i.n. delivery with those from the conventionally used i.p. injection and p.o. administration. The dose administered for both inhibitors was selected for the lack of effects on motility, catalepsy and body temperature, as previously reported \[[@B27-ijms-20-04503],[@B28-ijms-20-04503],[@B29-ijms-20-04503]\].

Our data are in agreement with FAAH inhibitory activity of PF via the p.o. route \[[@B25-ijms-20-04503]\], as well as demonstrate that PF inhibits FAAH via the i.n. and i.p. administration. In this respect, PF shows similar central and peripheral efficacy regardless the route of administration selected. Most importantly, these findings suggest that the i.n. route holds comparable efficacy and potency, supporting i.n. as a viable way of delivery with major advantages in terms of patient compliance. On the other hand, the different routes of administration slightly affect URB-induced inhibition of FAAH. Indeed, while in the hepatic tissue URB efficacy through the i.n and p.o. routes were as strong as the i.p. administration, this was not detected in the brain. With the exception of cerebellum, we observe a reduced URB efficacy when the inhibitor was p.o. administered, while similar when i.n. and i.p. administered. Hence, the i.n. route resulted as effective as i.p., and may be therefore considered a suitable alternative also in the case of URB delivery. To validate our hypothesis, we investigated not only the effects of i.n. URB delivery on FAAH inhibition but also whether i.n. URB administration can increase liver and brain NAE levels, and whether the differences in the FAAH inhibition observed by the way of the three routes of URB administration are mirrored by the changes in the main FAAH substrates. Apart from a trend of increase of PEA in the hippocampus and AEA within the cerebellum, the i.n. URB delivery always increased NAEs in the three brain areas analyzed. Notably, the enhancement of NAE levels in the brain was not accompanied by the same increase of NAEs in the liver, despite the non-significant tendency towards an increase of AEA levels. Moreover, as previously reported for URB pharmacological profile \[[@B28-ijms-20-04503],[@B30-ijms-20-04503]\], the oral administration of this inhibitor not only reduced FAAH activity but also increased NAE levels in peripheral tissues such as spinal cord. To the best of our knowledge, here we reported for the first time the lack of increase of NAE levels in several brain areas after oral URB administration, while we observed an increase of AEA at hepatic level. Conversely, as expected, i.p. URB administration increased NAE levels in the liver as well as in all brain areas analyzed.

Together, these findings confirm the notion that i.n. drug administration is a promising route for the delivery of pharmacotherapeutics to the brain and, specifically, that enhancers of eCB signaling, such as FAAH inhibitors, are deliverable through the nose-to-brain pathway. We therefore demonstrate "on principle" that, in case of FAAH inhibition, the same drug formulation that was effective by i.p. administration can be also used for the i.n. route. From a translational point of view, and despite the i.p. route has allowed to achieve higher levels of NAEs increase, the effects of systemic i.p. administration are not comparable to those obtained via the i.n. delivery. Indeed, while the interest for the i.n. route is growing because its non-invasive impact and the simple and painless procedure for patients, other parenteral routes (e.g., intravenous) lack of the same requisites and cannot be self-administered. At difference with i.p. administration, i.n. URB delivery did not affect peripheral NAE levels, thus demonstrating that the use of FAAH inhibitors through the i.n. route can selectively increase brain NAE levels. Moreover, when the oral administration fails to deliver drug treatment to the brain or is associated to unwanted side effects, the nose-to-brain drug delivery is the only viable route of administration, especially in case of therapy of neurological or neuropsychiatric disorders. Several studies have been focusing the attention towards the mechanisms underlying nose-to-brain drug delivery \[[@B31-ijms-20-04503],[@B32-ijms-20-04503]\], and the direct and indirect transport pathways including the systemic, olfactory and trigeminal nerve pathways \[[@B33-ijms-20-04503],[@B34-ijms-20-04503]\]. The neuroepithelium, located at the roof of the nasal cavity, is a portion of the CNS not protected by the blood-brain barrier (BBB), which allow connecting the external environment to the brain via the olfactory and trigeminal nerve pathways. Although a combination of pathways is responsible for the nose-to-brain drug transport, one pathway may be favored over the others depending on the type of drug formulation, as well as on chemical features of the molecule delivered. Once intranasally delivered, the drug spreads to the internal wall of nasal cavity contacting both the blood vessels and the respiratory epithelium and the neural pathway including the olfactory epithelium \[[@B31-ijms-20-04503],[@B35-ijms-20-04503]\]. Within the context of our data, we can estimate that i.n. URB delivery may have mostly targeted the brain through the indirect systemic pathway by absorption of URB from the vascular respiratory epithelium and then cross the BBB and the blood-cerebrospinal fluid barrier to the brain \[[@B33-ijms-20-04503]\]. Indeed, although the mechanism of nose-to-brain transport is elusive for URB, and beyond our purpose, the lack of increase of NAEs content in the liver support the idea that both systemic and olfactory/trigeminal nerve pathways concurred to the delivery of URB to the brain. Recently either URB- or the CB1/CB2 receptor agonist HU-211-loaded solid lipid nanoparticles have been tested in vivo for social behavior or anti-depressant activity, respectively \[[@B26-ijms-20-04503],[@B36-ijms-20-04503]\].

Since the aim of the study was to compare the effects of the same drug formulation in terms of FAAH inhibition and increase of the FAAH substrates in brain areas and at hepatic level, we did not test specific drug carriers for the nose-to-brain drug delivery. However, the present data do not rule out that the effects of i.n. delivery of FAAH inhibitors might be ameliorated by recently tested nanocarriers or chemical modifiers \[[@B26-ijms-20-04503]\]. Thus, our data provide a direct demonstration of the efficacy of nose-to-brain delivery of FAAH inhibitors, highlighting that i.n. but not p.o. URB administration allows to achieve results matching those obtained via the parenteral i.p. URB administration.

4. Materials and Methods {#sec4-ijms-20-04503}
========================

4.1. Animals, Dosage and Routes of Administration {#sec4dot1-ijms-20-04503}
-------------------------------------------------

Sixteen-weeks old male C57BL/6 mice were subchronically administered every other day for 20 days for a total of 10 drug treatment by the way of three different routes of administration, as follows: intraperitoneally (i.p.; URB N = 6, PF N = 4; Vehicle (VEH) N = 6), intranasally (i.n.; URB N = 6, PF N = 4; Vehicle (VEH) N = 6) and by oral gavage (p.o.; URB N = 6, PF N = 4; Vehicle (VEH) N = 6). The experiments were performed in accordance with Italian National Laws (DL 26/2014), with the European Communities Council Directive of September 22, 2010 (2010/63/EU) and the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, MD, USA). The animals were kept on a 12:12 h light:dark cycle in a temperature- and humidity-controlled room (lights on at 0700 h), with water and standard laboratory chow provided *ad libitum*. 3-(3-carbamoylphenyl)phenyl *N*-cyclohexylcarbamate (URB) and *N*-3-p\[yridazinyl-4-\[\[3-\[\[5-(trifluoromethyl)-2-pyridinyl\]oxy\]-phenyl\]methylene\]-1-piperidinecarboxamide (PF) both from Cayman Chemical Company (Ann Arbor, MI, USA) were dissolved in a fresh solution made of 10% polyethylene glycol (PEG) 400, 5% Tween 80 in sterile NaCl 0.9%. URB and PF were administered at 5 mg/kg for all the routes assessed. Oral and i.p. administration for both compounds were performed as previously reported \[[@B11-ijms-20-04503]\]. URB dosage was chosen on the basis of previous studies showing the in vivo efficacy of this inhibitor in a dose range of 1 up to 10 mg/kg via i.p., p.o. or subcutaneous routes of administration \[[@B27-ijms-20-04503],[@B28-ijms-20-04503],[@B29-ijms-20-04503]\]. Since orally effective at 1 mg/kg, non-catalepsigenic at 10 mg/kg, and reaching the maximum plasma concentration at 5 mg/kg \[[@B25-ijms-20-04503]\], PF was administered at the same URB dosage. Concerning i.n. delivery, the URB volume has been determined accordingly to the constraints of the maximum volume compatible per each nostril with the procedure of i.n. drug infusion in mouse. All mice were sacrificed by cervical dislocation within 1 h after the last URB or PF administration, for all the routes of administration. Then, brain areas were dissected, liver removed, and all tissues stored at −80 °C until assays of FAAH activity and quantification of NAEs.

4.2. Assay of Fatty Acid Amide Hydrolase {#sec4dot2-ijms-20-04503}
----------------------------------------

The effect of the different routes of URB and PF administration on FAAH enzymatic activity was assessed, as previously reported \[[@B37-ijms-20-04503]\]. In brief, tissues were homogenized at 4 °C in 50 mM Tris--HCl buffer, pH 7.0 and then were first centrifuged at 800× *g* to get rid of debris and the supernatant was centrifuged at 12,000× *g*. The pellets from this latter centrifugation were used for the assay. Membranes (70 μg) were incubated with \[^14^C\]AEA (2.4 μM, 5.0 mCi/mmol, Larodan AB, Solna, Sweden) as FAAH substrate in 50 mM Tris-HCl, pH = 9, for 30 min at 37 °C. \[^14^C\]Ethanolamine produced from \[^14^C\]AEA hydrolysis was measured, as previously reported \[[@B37-ijms-20-04503]\], by scintillation counting of the aqueous phase after extraction of the incubation mixture with two volumes of CHCl~3~/CH~3~OH (1/1, *v*/*v*). FAAH enzymatic activity was reported as percentage of the maximum effect observed in absence of PF or URB plus vehicle administrated by the different routes.

4.3. Lipid Extraction and eCB Analysis {#sec4dot3-ijms-20-04503}
--------------------------------------

Brain areas and liver were dounce-homogenized and extracted with chloroform/methanol/Tris-HCl (50 mM, pH 7.4) (2:1:1, *v*/*v*) containing internal deuterated standards for PEA, OEA, AEA, and 2-AG quantification by isotope dilution (d4-PEA, d4-OEA, d8-AEA and d5-2-AG, Cayman Chemical). The lipid-containing organic phases were then purified by open bed chromatography on silica and aliquots of fractions containing NAEs and monoacylglycerols were analyzed by isotope dilution liquid chromatography/mass spectrometry (LC-MS). MS detection was performed by using values of *m/z* 304 and 300 (molecular ions + 1 for d4-PEA and PEA), *m/z* 330 and 326 (molecular ions + 1 for d4-OEA and OEA), *m/z* 356 and 348 (molecular ions + 1 for d8-AEA and AEA), and 384 and 379 (molecular ion +1 for d5-2-AG and 2-AG). The levels of eCBs were then calculated on the basis of their area ratios with the internal deuterated standard signal areas and their amounts expressed as picomoles were then normalized per gram or milligram of wet tissue.

4.4. Statistical Analysis {#sec4dot4-ijms-20-04503}
-------------------------

Results are expressed as the mean ± S.E.M. Data analysis was performed using GraphPad Prism software (GraphPad Software, San Diego, CA, USA). The significance of differences between groups was determined by one-way analysis of variance followed by Tukey's test for multiple comparisons. A value of *p* \< 0.05 was considered significant.

5. Conclusions {#sec5-ijms-20-04503}
==============

The nose-to-brain drug delivery may be considered a safe, effective and easy accessible route for the administration of FAAH inhibitors. The use of the intranasal route for the delivery of FAAH blockers provides an inhibitory profile comparable to that observed with parental drug delivery, thus representing a promising alternative for the selection of targeted drug delivery.
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![Effect of in vivo PF administration on FAAH activity. Inhibition of (**A**) hippocampus, (**B**) cortex, (**C**) cerebellum and (**D**) liver FAAH activity after the three different routes (i.n., i.p. or p.o.) of PF or vehicle administration. Results are means ± SEM expressed as percentage of the maximum effect observed in absence of PF plus vehicle administrated by the different routes. \*\*\*\* *p* \< 0.0001 post hoc comparisons with vehicle conditions, Tukey's test.](ijms-20-04503-g001){#ijms-20-04503-f001}

![Effect of in vivo URB administration on FAAH activity. Inhibition of (**A**) hippocampus, (**B**) cortex, (**C**) cerebellum and (**D**) liver FAAH activity after the three different routes (i.n., i.p. or p.o.) of URB or vehicle administration. Results are means ± SEM expressed as percentage of the maximum effect observed in absence of URB plus vehicle administrated by the different routes. \* *p* \< 0.05, \*\* *p* \< 0.01 and \*\*\*\* *p* \< 0.0001 post hoc comparisons with vehicle conditions, Tukey's test.](ijms-20-04503-g002){#ijms-20-04503-f002}

![Effect of in vivo URB administration on hippocampal levels of NAEs and 2-AG. Levels of (**A**) AEA, (**B**) PEA, (**C**) OEA and (**D**) 2-AG following URB or vehicle (i.n., i.p. or p.o.) administration. Data are presented as mean ± SEM expressed as pmol per gram or milligram of wet tissue. \* *p* \< 0.05, \*\* *p* \< 0.01 and \*\*\*\* *p* \< 0.0001 post hoc comparisons with vehicle conditions, Tukey's test.](ijms-20-04503-g003){#ijms-20-04503-f003}

![Effect of in vivo URB administration on cortical levels of NAEs and 2-AG. Levels of (**A**) AEA, (**B**) PEA, (**C**) OEA and (**D**) 2-AG following URB or vehicle (i.n., i.p. or p.o.) administration. Data are presented as mean ± SEM expressed as pmol per gram or milligram of wet tissue. \*\* *p* \< 0.01, \*\*\* *p* \< 0.001 and \*\*\*\* *p* \< 0.0001 post hoc comparisons with vehicle conditions, Tukey's test.](ijms-20-04503-g004){#ijms-20-04503-f004}

![Effect of in vivo URB administration on cerebellum levels of NAEs and 2-AG. Levels of (**A**) AEA, (**B**) PEA, (**C**) OEA and (**D**) 2-AG following URB or vehicle (i.n., i.p. or p.o.) administration. Data are presented as mean ± SEM expressed as pmol per gram or milligram of wet tissue. \* *p* \< 0.01, \*\*\* *p* \< 0.001 and \*\*\*\* *p* \< 0.0001 post hoc comparisons with vehicle conditions, Tukey's test.](ijms-20-04503-g005){#ijms-20-04503-f005}

![Effect of in vivo URB administration on liver levels of NAEs and 2-AG. Levels of (**A**) AEA, (**B**) PEA, (**C**) OEA and (**D**) 2-AG following URB or vehicle (i.n., i.p. or p.o.) administration. Data are presented as mean ± SEM expressed as pmol per gram or milligram of wet tissue. \* *p* \< 0.05, \*\* *p* \< 0.01 and \*\*\*\* *p* \< 0.0001 post hoc comparisons with vehicle conditions, Tukey's test.](ijms-20-04503-g006){#ijms-20-04503-f006}
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